The unusually fast Diels-Alder reactions of [5]cyclophanes were analyzed by DFT at the BLYP-D3(BJ)/TZ2P level of theory.T he computations were guided by an integrated activation-strain and Kohn-Sham molecular orbital analysis. It is revealed why both [5]metacyclophane and [5]paracyclophane exhibit as ignificant rate enhancement compared to their planar benzene analogue. The activation strain analyses revealed that the enhanced reactivity originates from 1) predistortion of the aromatic core resulting in ar educed activation strain of the aromatic diene, and/or 2) enhanced interaction with the dienophile through ad is-tortion-controlled lowering of the HOMO-LUMOg ap within the diene. Both of these physical mechanismsa nd thus the rate of Diels-Alder cycloaddition can be tuned through different modes of geometricald istortion (meta versus para bridging) and by heteroatom substitution in the aromatic ring. Judicious choice of the bridge and heteroatom in the aromatic core enables effective tuning of the aromatic Diels-Alder reactivity to achieve activation barriers as low as 2kcal mol À1 ,w hichi sa ni mpressive3 5kcal mol À1 lower than that of benzene.
Introduction
The [4+ +2] Diels-Alder cycloaddition of benzene is either exceptionallys low or forbidden owing to its aromaticn ature. [1, 2] Harsh reaction conditions, Lewis-acidicc atalysts such as AlCl 3 , or highly reactive dienophiles such as dicyanoacetylene, perfluoro-2-butyne, or tetrafluorobenzyne are required to enable reactions with benzene (Scheme1a). [1, 2] In contrast, the strained arene-like paracyclophanes exhibit ar emarkable enhancement of reactivity (see Scheme 1b). [2] This enhanced reactivity of cyclophanes was originally proposed to arise from the localized cyclohexatriene nature of the p-conjugated core. [3] Sola and co-workers found ad ecreasei na romaticity in bent benzene rings compared to planar benzene by evaluatingt he NICS parameter. [4] Later,t he enhanced reactivity was ascribed primarily to the concomitant release of strain in the transition state (TS). [5] Ar evealing example of the difference in reactivity between benzene and [5]metacyclophane [6] is the transfer of the carbene-likep hosphinideneP hP(CO) 4 from ap hosphanorbornadiene to the strained hydrocarbon by [4+ +1] cycloaddition (Scheme 1c). [7] Removal of the transition metal group reduces the stability of the product, which then undergoes a cheletropicelimination to regenerate [5] metacyclophane. [8] Early semi-empirical MNDO and Xa calculations attributed the reduced HOMO-LUMO( H-L) gap in cyclophanes to the distortion of the p framework. [9] Ar ecent high-level DFT analysis by Fernµndez and co-workers on (2,7)pyrenophanes identified reduced activation strain as the main reasonf or its enhanced Diels-Alder cycloaddition reactivity over that of the parentp lanar pyrene molecule, [10] whereas both the diminished strain in the product and the increased interaction of HOMOÀ1o ft he arene with the LUMO of the phosphinidene were considered to be the main factors for the [4+ +1] cycloaddition to [5] metacyclophane. [7] Very recently,o rbital interactions, and not activation strain, were proposed as the primary channel controlling the reactivity of Diels-Alder cycloadditions with strained cycloalkenes. [11] Moreover,U V/Vis measurements on [n]paracyclophanes indicated redshifted absorption maxima upon decrease in bridgel ength, which was ascribed to the decrease of the H-L gap. [12] This suggestst hat modulating the H-L gap of the arene by structural distortion influences its reactivity.H ence, am echanism other than predistortion may govern the reactivity for Diels-Alder cycloaddition with bent benzene molecules. To confirm this hypothesis and to determine the factorsc ontrolling the Diels-Alder reactivity of cyclophanes,w eu ndertook ac omprehensive quantum-chemical study of the Diels-Alder cycloaddition of benzene (B)a nd its straineda nalogues [5]paracyclophane( P) [13] and[ 5]metacyclophane (M) [6] with acetylene (A). Acetylenew as chosen as the dienophile in the investigated Diels-Alder reactions for the sake of simplicity,a si ti st he archetypal dienophile reactant. In line with expectation, the activation barrier for the reactions with the dicyano-substituted acetylene is about 10 kcal mol À1 less than for the parent acetylene andt rends in reactivity are the same (Table S1 in the Supporting Information).
Theoretical Methods

Computational details
Kohn-Sham DFT calculations were performed with the ADF.2017.208 program. [14] The GGA density functional BLYP [15] with finite damping introduced by Becke and Johnson (BJ), BLYP-D3(BJ), [16] was used for the geometry optimizations of all stationary states as well as for the reaction coordinate by using the activation strain model (ASM) [17] and energy decomposition analysis (EDA). [18] As demonstrated by Grimme et al.,B Jd amping shows improvement over DFT-D3 in calculating barrier heights and reaction energies. [16] Specifically,B Jd amping outperforms other DFT functionals in terms of more accurate treatment of the noncovalent and p-p interactions leading to both more accurate cyclophane geometries and more accurate reaction barrier heights. [16, 19] All calculations were performed with the all-electron TZ2P basis set, which is of triple-z quality,c ombined with two sets of polarization functions for all the atoms. [20] The accuracy of the integration grid (Becke grid) [21] and fit scheme (Zlm fit) [22] were set to VERY-GOOD. The energies reported herein are all for isolated molecules. Analytical frequency [23] calculations were performed to characterize the nature of the stationary points. The reactants and the cycloadducts showed real frequencies indicating their location on the potential-energy surface (PES) as local minima, while the transition state (TS) showed one imaginary frequency.The character of the eigenvector corresponding to the imaginary frequency was analyzed to ensure it was associated with the reaction under consideration. The PES of the reaction was obtained by performing intrinsic reac-tion coordinate (IRC) calculations. [24] All of the reported energies are electronic energies without zero-point energy correction. Furthermore, the computed reactivity trends are unchanged on considering either the Gibbs free or electronic energies ( Table S8 in the Supporting Information).
Activation strain model
The activation strain model (ASM), also known as the distortion/interaction model, [25] is af ragment-based approach that essentially describes the height of the reaction barrier in terms of the reactants involved along the reaction coordinate z. [17] This approach has been paramount for the current understanding of different fundamental transformations in organic and organometallic chemistry. [26] In this model, the PES DE(z)i sd ecomposed along z into two energy components:t he strain DE strain (z)a ssociated with deforming the reactants from their equilibrium structures and the interaction DE int (z)b etween these distorted reactants along z. The activation barrier arises due to an intricate interplay between
DEðzÞ¼DE strain ðzÞþDE int ðzÞð 1Þ DE strain (z)i sd etermined by the flexibility of the reactants and the extent to which they must reorganize to partake in the reaction, and DE int (z)i sd etermined by the electronic structure and the spatial arrangement of the reactants. The strain and interaction energy terms are highly dependent on the position of the TS on the reaction coordinate z. Therefore, we define z as the projection of the intrinsic reaction coordinate onto the shorter C···Cb ond-forming distance, as this geometrical parameter is critically involved in the reaction and undergoes aw ell-defined change during the reaction. [27] Energyd ecomposition analysis DE int (z)w as further analyzed in terms of quantitative molecular orbital theory as contained in Kohn-Sham DFT in combination with a canonical EDA. [18] The EDA decomposes DE int (z)i nto the following physically meaningful energy terms [Eq.
(2)]:
Therein, DV elstat (z)r epresents the quasiclassical electrostatic interactions between the unperturbed charge distributions of the distorted reactants. The Pauli repulsion DE Pauli (z)emerges due to repulsive exchange interactions between the occupied closed-shell orbitals. The orbital interactions DE oi (z)c omprise stabilizing interactions such as electron-pair bonding, charge transfer between occupied and unoccupied molecular orbitals, and polarization (empty-occupied orbital mixing on one fragment due to the presence of another fragment). Lastly, DE disp (z)a ccounts for the dispersion forces originating from noncovalent interactions or weak interactions.
Results and Discussion
The optimizedg eometries of the ground-state reactants are showninFigure 1. The cyclophanes are formed by the addition of as hort five-membered oligomethylene bridge to benzene (B)a tt he para and meta positions. The oligomethylene bridge induces several geometricald istortions in the cyclophanes. The most prominenti st he out-of-plane bending of the aromatic core (a and g)i nto as ymmetrical [5]paracyclophane(P)and an asymmetrical [5]metacyclophane (M)b oat-like configurations ( Figure 1a ). Additionally,t here is distortion in the benzylic carbon-carbon bonds of the bridge relative to the aromatic core, depicted as b.
We began by analyzing the Diels-Alder reactivity of B, P,a nd M with A.T he reactions of B and P proceed via concerted synchronous transition states, whereas that of M is concerted asynchronous (Figure2). The Diels-Alder cycloaddition reactions of the cyclophanes proceed earlier compared to benzene. The late transition state in B is associated with the highest activation energy (37.2 kcal mol À1 ), while the earlier TSs for cyclophanes P (23.6 kcal mol À1 )a nd M (16.7 kcal mol À1 )a re associated with markedly lower barriers, which is consistent with the Hammond-Leffler postulate. [28] The activation energy is reduced by up to about 20 kcal mol À1 andt he total reaction energy DE rxn changes from being endothermic (6.9 kcal mol À1 ) to highly exothermic (ca. À28 kcal mol À1 )w hen moving from B to the cyclophanes.
The physical factors governing the reactivity of B, P,a nd M toward A were analyzed quantitatively by meanso fA SM and EDA and are represented graphically in Figure 3 . Figure 3b reveals that the enhanced Diels-Alder cycloaddition reactivity for M results from as ignificant decrease in strain energy DE strain , whereas DE int is comparable to B.D ecomposing DE strain into the strain-energy components of the two reactants (M and A) DE strain(diene) and DE strain(dienophile) reveals that the much lower strain originates largely from the reduced strain contribution of M (Figure 3c ). The reasonf or this behavior is that the cyclophane bridge connectingt he meta positions (i.e.,C 1a nd C3, see Figure 1a for atom numbering) pulls the two sides of the aromatic core (i.e.,C 1 ÀC6 and C3ÀC4) towards each other.A s ac onsequence, the bond-forming carbon centers C2 and C5 are forced out of the aromatic plane into ab oat conformation and therebyfacilitateformationo fnew CÀCbonds with the incoming A.H ence, the equilibrium geometry of M resembles more the TS geometry than that of B,w hichi sn ot subject to such predistortion. The aromatic core of P is,o fc ourse,a lso predistorted, but unlike that of M not with respect to the bond-forming carbon centers (i.e.,C 1a nd C4), resulting in a DE strain similar to that of B.
To quantifyt he contribution of strain towards the Diels-Alder barrier heights of B, P,a nd M,w ea nalyzed the energy terms at ac onsistent TS-like geometry,b ecause the magnitude of the strain and the interaction energy terms is highly dependent on the position of the TS on the reaction coordinate. [16, 27] Therefore, to ensure an equitable comparison of energies,w e analyzed the geometries in which the shorter of the two C···C bond-forming lengths is 2.15 .H ereafter,t his position on the reactionc oordinate is denoted as z*a nd the corresponding energy terms as DE*. The structures and energies at z*are similar to the actual TSs and the trend in energies mirrors the trend at the real TS (see Figure 2a nd Ta ble 1).
Smaller changes in a and g over the course of the Diels-Alder reactionr esulti nl ess-destabilizing DE strain(diene) .F igure 4 shows that in order to react with A, M must be distorted least from its equilibrium geometry (Da = 178 and Dg = 198), then P (Da = Dg = 228), and then finally B (Da = Dg = 318). Therefore, at z*, the DE* strain(diene) value of M is 14.1 kcal mol À1 ,w hich is about 11.6 kcal mol À1 lower than those of both B and P (see Ta ble 1). As already noted, the geometry of M shows the smallest change due to its favorable predistortion. The substantially lower DE Ã strain of M compared to B and P also originates from the lower DE Ã strain dienophile ðÞ at z*( Ta ble 1). This effectw as traced to the relativelys mall distortion of A in the Diels-Alder cycloaddition, which is relatedt ot he asynchronous nature of its TS. The asynchronicity stems from the interaction of the two nonidentical (differentl ocal environments) carbon atoms C2 and C5 in M,w hich causes the new CÀCb onds to form at different rates. This behaviori se vident from the different C2-C1-H and C1-C2-H bond angles of A in the z*o fM-A (see Figure 4a for atom numbering) of 153 and 1608,r espectively.T hese distortions are, however,m uch larger ( % 1508)f or B-A and P-A compared to the linear acetylene equilibrium geometry.P reviously,i tw as concluded that concomitantr elease of strain in the diene drives the Diels-Alder cycloaddition reaction of M, [29] but instead it appearst hat its enhanced reactivity results from ar educed buildup of strain along the reactionc oordinate in both the diene and dienophile.
The enhanced reactivity of para-bridged P compared to B originates from the difference in their stabilizing DE int component ( Figure 3b ). EDA analysis shows that this arises mainly from the different contributions of the orbitali nteraction term (DDE oi = 9kcal mol À1 ;F igure 3d;T able S2 in the Supporting Information). Ac omprehensive Kohn-Shamm olecular orbital (KS-MO) analysis [18] revealed that the more stabilizing DE Ã oi for P arises primarily from as tronger inverse electron-demand interaction from HOMO A to LUMO P (Figure 5 ). The P-A donor-ac- ceptor orbital-energy gap of 4.4 eV and bond overlap of 0.24 are more favorable for P than for B (orbital-energy gap = 4.9 eV, S = 0.23). Importantly,b oth normala nd inverse orbital interactions are more stabilizing for P than for B due to smaller orbital-energy gaps, but the former contributest oal esser degree due to poor HOMO P /HOMOÀ1 P bond overlap (both orbitals participate in an ormal electron-demand interaction) with LUMO A .T he poor overlap resultsf rom as mall amplitude of the occupied frontier orbitals at the bond-forming carbon centers (see Figure 5 ). Thus, both normala nd inverse electron-demando rbital interaction in P-A is driven by the decrease in orbital-energy gaps.
Of the three Diels-Alder cycloadditions, the orbital-energy gap is the smallest and thus most favorable alongt he P-A reaction coordinate ( Figure 6 ). The origin of this behavior is the smallerH -L gap within the diene P (3.2 eV at its equilibrium geometry) compared to that within B (5.0 eV at its equilibrium geometry). Such as mall H-L gap is caused by structurald istortion imparted by the short para bridge, which manifests itself in al arge out-of-plane bending of the aromatic core (a % 238) Out-of-planed istortion a of the planar aromatic core causes the destabilization and stabilizationo fp-HOMO and p*-LUMO, respectively (Figure 7a and Figure S2 in the Supporting Information). Theantibonding p-HOMO is destabilizeddue to an increasei np-p overlap S p-p between the p p amplitudes of the p-HOMO fragment orbitals of the equivalent allylic C 3 H 3 triradical fragments forming the overall benzene molecule (Figure 7b and Ta ble S3 in the Supporting Information). The p*-LUMO is stabilized due to the attractive Coulombic (electrostatic) interaction stemming from the increase in overlap of the p*-LUMO fragment orbital of one allylic C 3 H 3 triradicalf ragment with the nuclei of the other and vice versa (Figure7c). [18] This overlap increases as the spatial proximity betweent he allylic fragments decreases. As ar esult, the isolateda llylic p*-LUMO is stabilized, which in turn stabilizes the overall bonding p*-LUMO of benzene (see Figure 7a and Figure S2 in the Supporting Information, quantitative details are providedi nT able S4 in the Supporting Information). Contrary to intuition, there is ad ecrease in p*-p*o verlap S 0 pÀp upon bending ( Table S3 in the Supporting Information). This is caused by the cancellation of overlap on out-of-phase mixing of the diffuse p p amplitude of the p* LUMO on the terminal Ca tom of one fragment and the front Ca tom of the other (Figure 7d ). Thus, the H-L energy gap within B decreases upon out-of-planed istortion by 1) increased p-p overlap thatd estabilizes theH OMO,a nd 2) enhanced electrostatic stabilization that stabilizes the LUMO despite an unanticipated reduction in p* + p*o verlap.F urthermore, an increase in the bending of the benzylic CÀCb ond b (see Figure 1a )r esults in mixingo ft he s and p fragment orbitals of the ring substituents and the aromatic core, respectively,which therebyenhances both the destabilization of the antibonding p-HOMO andt he stabilization of the bonding p* LUMO and thus contributes to decreasing the H-L gap even further( Figure8and Figure S3 in the Supporting Information). The outlined relationship between structural distortion (geometrical strain) and the H-Lg ap sheds new light on the findings of Hopf and co-workers,w ho attributed the enhanced reactivity of [n]paracyclophanes over B solely to the sterically strained geometries. [30] Thus, structural distortion reduces the H-L energy gap within P and accelerates its Diels-Alder cycloaddition because of the enhanced P-A orbital interaction, as reflected in DE oi (red curves in Figure 6 ). Cyclophane M exhibits as maller M-A orbital-energy gap than the parent system B-A at the start of the cycloaddition (blue and black curve, respectively,i n Figure 6 ). However,t he orbital-energyg aps becomes imilar aroundt he TS, despite the fact that the H-Lg ap within M is decreasedr elative to that within B (4.0 eV in M versus 5.0 eV in B at equilibrium geometry) due to as imilarm echanism as discussed for P.N ote that althoughH OMOÀ1o fM interacts with LUMO A in the early stages of the reaction, HOMO and HOMOÀ1o fM being nearly degenerate( De = 0.30 eV) invert near the TS due to the change in electronic structure caused by increased out-of-plane distortion along the reaction coordinate (see Figure S4 in the Supporting Information). The reason for the similar orbital-energy gap around the TS comes from a larger H-L energy gap within the dienophile A,a si ts distortion is much smaller around the TS (Figure 4b )o nr eacting with M than it is for both B or P.I no ther words, the initial relatively small M-A orbital-energy gap increases aroundt he TS due to the smaller C-C-H bending of A,w hich translates into ah igher p-HOMO and al ower p*-LUMOe nergy. [31] The fact that the bending of A is relativelys mall is relatedt ot he asynchronous nature of the TS in M-A,a sa lready discussed above. The outcome is al arger normal and inverse electron-demand orbitalenergy gapa nd consequently al ess stabilizing DE Ã oi for M-A, which amounts to only À54 as opposed to À78 and À68 kcal mol À1 for P-A and B-A,r espectively (TableS2i nt he Supporting Information).
Next, we assessed whether,b esides structurald istortion, the (CH 2 ) 5 bridge of the cyclophane also exerts an electronic influence on the reactivity,b ut found the effect on reaction barrier heights to be minimal. For example, removing the bridge from M (M-nb)and P (P-nb)l eads to negligible changes in DE * int .Removingt he distortion in the aromatic core and simulating the electronic effect of the bridge by using meta-a nd para-xylene led to activation barrierh eights that are almost comparable to that of B.I tt hen appearst hat predistortion of the aromatic core by the bridge enhances the Diels-Alder cycloaddition reactivity and not the substituent effect itself (see Figure S5 and Ta ble S6 in the Supporting Information).
To apply these insights for the designo fa romatic Diels-Alder reactions with significantly lower activation energy barriers, we combined the two modes of activation induced by geometrical distortion:r educed activation strain of the diene connected by a meta bridge and enhanced orbital interactions through ar educed H-L gap within the diene connected by a para bridge. The latter can also be addressed through means other than distortion, such as heteroatom substitution in the aromatic core. Heteroatom-substituted benzene derivatives of main group elements show interesting electronic properties, such as asmaller H-L gap, [32] as wellasa nenhanced cycloaddition reactivity. [33] For example, in contrast to benzene, both substituted phosphabenzene [34] and substituted azadiene [35] have been shown to react with mild dienophiles, albeit sluggishly,i ndicating as till relativelyh igh activation barrier. Therefore, as proof-of-concept, we systematically designed and exploredt he behavior of the aromatic Diels-Alder cycloaddition for four heteroatom-functionalized [5]metacyclophanes:T he C4 atom of M is substituted for one heteroatom (see Figure1a for atom numbering) in M (N) (pyridine core) and M (P) (phospha- Figure 8 . Schematic overview of the effect of bending of substituted aromatic carbon atoms (angle b in red) on the a) in-phase (S 0 sÀp , p*-LUMO) and;(b) out-of-phase (S s-p , p-HOMO) overlapo ft he s and p fragment orbitals of the substituent and the aromatic core, respectively.For clarity,t he -(CH 2 ) 5 bridge of P is represented in as implifiedm annera st wo Ha toms (blue). benzene core);t he C4 andC 6a toms of M are substituted for two heteroatomsi nM (2N) (pyrimidine core) and M (2P) (diphosphabenzene core). We envisioned that introducingaheteroatom into the aromatic core of the favorably predistorted [5]metacyclophane would cause af urther reductioni nt he H-L gap within M (see Table S7 in the Supporting Information) and result in an enhanced stabilizingo rbitali nteraction with the dienophilei nt andemw ith ar educed activation strain. Figure 9 summarizes the progressive decrease in activationb arrier on successive introduction of strain and/or interaction activation throughg eometricald istortion ands ubsequenth eteroatom substitution in the aromatic core. As anticipated, the computed activation barriers decrease sharply from single activation, that is, from bending of benzene to the [5]metacyclophane, to dual activation, that is,f rom carbonaceous [5]metacyclophane to heteroatom-functionalized [5]metacyclophane. The barrier height decreases alongt he series M (P) > M (N) > M (2P) > M (2N) ( Table S8 in the Supporting Information). The pyrimidine containing M (2N) has the lowestc ycloaddition activation barrier of this series of only 9.7 kcal mol À1 ,w hich is 27.5 kcal mol À1 lower than for B and7 .0 kcal mol À1 lower than that of its parent M (see Ta ble S8 in the Supporting Information). The steady decrease in barrierh eight for these heteroatom-functionalized [5]metacyclophanes, as predicted, arises mostly from an enhanced interaction energy that results from more stabilizing orbitalinteractions compared to M.
The orbital interactions for M (2P) are more stabilizing than for M (P) due to al ower p*-LUMOe nergy (see Ta ble S7 in the Supporting Information) resulting in as maller M (2P) -A orbitalenergy gap and thus al ower barrier. The nitrogen-substituted metacyclophanes, M (N) and M (2N) ,b oths howe nhanced interaction comparedt o[ 5]metacyclophane, coming mostly from an increasei no rbitali nteractions in the former and ad ecrease in Pauli repulsion in the latter, along with ar educed activation strain in both cases (Figures S6 and S7 in the Supporting Information) . These factors are fully consistent with the findings of earlier studies. [35c,d] The differencei nc ycloaddition barrier between the reactive nitrogen-and the relativelyl ess reactive phosphorus-substituted metacyclophanes arises from ah igher destabilizing activations train in the latter compared to the former (Figures S6-S9 in the Supporting Information).
To expand the scope of the work, we also analyzed the Diels-Alder reactivity of heteroatom-substituted metacyclophanes in which one CÀCa nd one CÀXb ond (X = N, Ps ubstituted at the C2 centero fM,s ee Figure1af or atom numbering) are formed (see Scheme 2). Formation of aC ÀNb ond during ac ycloaddition has ah igher activation barriert han formation of the correspondingC ÀCb ond. [35d, 36] We observed this expected trend in barrier height for the cycloaddition of M (N') , which is associated with am uch highera ctivation barrier (DE°= 26.6 kcal mol À1 ,s ee Scheme 2) than M due to ah igher Pauli repulsion combined with ad estabilizing activation strain (see Figure S10 in the Supporting Information). However,aremarkable enhancement of cycloaddition reactivity is observed for the reactioni nvolving CÀPb ond formation in M (P') ,w hich has the lowest activation barrier (DE°= 2.0 kcal mol À1 ,s ee Scheme 2) among all the studied reactions due to greatlye nhanced interaction energy.T he latter resultsf rom as ignificantly stabilizing orbitali nteraction, which overcompensates the destabilizing activation strain, compared to M ( Figure S11i n the Supporting Information). AK S-MO analysis at consistent geometry z*r evealed significantly small M (P') -A orbital-energy gaps corresponding to normal (1.6 eV) and inverse (3.6 eV) electron-demand interaction compared to its parent M.A phosphorus atom, substituted at the C2 or C5 center( C2 in our case) of M,a cts as both an auxiliary donor (destabilizing the p-HOMO of M)a nd an acceptor (stabilizing the p*-LUMO Scheme2.AromaticDiels-Alder cycloadditions of M (N') and M (P') ,w hich involve formation of aC ÀXb ond (X = N, P).A ctivatione nergies DE°and reaction energy DE rxn in kcal mol À1 . of M) [32] and results in the smallest H-L gap within M (P') of 2.5 eV at equilibrium geometry (see Ta ble S7 in the Supporting Information), compared to the other dienes in our study.M oreover,t he orbital overlap of the key orbitals participating in inverse electron-demand interaction, HOMO A and LUMO M(P') ,i s more favorable (S = 0.30) compared to M or even P (S = 0.22 and 0.24 for M and P,r espectively). This increasei no verlap stems from al arge amplitude of the M (P') p*-LUMO on the bond-forming phosphorus center due to the low-lying empty p p orbital of phosphorus. In this way we rationally tune the aromatic Diels-Alder cycloaddition rate of benzene to cover a wide spectrum of activation barriers through simple manipulation of different activation channels (see Scheme 3).
Conclusion
The accelerationo fa romatic Diels-Alder reactions through structurald istortion of the aromatic core, for example, in cyclophanes,c onsists of two distinct physicalm echanisms: 1) ad ecrease in activation strain, as well as 2) an enhanced TS interaction, as follows from our quantum chemical activation-strain analyses. These two mechanisms may contributet od ifferent extentsf or clearly identifiable reasons. Thus, the Diels-Alder barrierofa romatic dienes reacting with acetylene, for example, decreases from 37 to 24 to 17 kcal mol À1 along the series benzene, [5]paracyclophane, and [5]metacyclophane. While the reduced barrier in both cyclophanes is induced by structural distortion of the aromatic core, the reduced barrieri nt he reaction of [5]paracyclophane mainly stems from am ore stabilizing TS interaction with the dienophile, whereas the further reduced barrier for [5]metacyclophane is primarily causedb y lowering of the activation strain due to af avorable predistortion (see Scheme 3).
The short five-membered bridge of [5]metacyclophane pulls the two meta carbon atoms of the aromatic core together,a nd this causest he bond-forming carbon atoms to point out of the aromatic plane and towards the dienophile. This predistorted aromatic core closely resembles the TS geometry andl eads to ar educed activation strain. The bridge in [5]paracyclophane, on the other hand, pulls the two para carbon atoms towards each other,w hereas the bond-forming carbon atoms are left unaffected and as such not favorably predistorted, which is associated with as ignificantly smaller reduction in activation strain. Instead, [5]paracyclophane reacts more rapidlyc ompared to benzene, due to them ore stabilizing orbitali nteractions that arise from ad istortion-induced decrease of the H-L gap within the diene. The latter is chieflyt he result of the outof-plane bending of the aromatic core inducedb yt he oligomethylene bridge,w hich has, among others, the effect of destabilizing the p-HOMO due to an increase in antibonding p p -p p overlap. Similar to [5]paracyclophane, the H-L gap also decreases within [5]metacyclophane, but this decrease is offset by an increase in the H-L gap within acetylene leading to larger donor-acceptor orbital-energy gaps, and thus less stabilizing orbital interactions, compared to the reactiono f[ 5]paracyclophane.
Interestingly,t he distortion-driven mechanisms discussed above can now also be addressed individually through different means.Areduced activation strain can be directly leveraged by employing a meta-connected cyclophaneb ridge. On the other hand, stronger interaction, originating from am uch smallerH -L gap in [5] paracyclophane, can also be induced Scheme3.Activation strain diagram of the Diels-Alder cycloadditions of a) A with B (in black) and M (in blue;reducedactivation strain);and b) A with B (in black) and P (in red;e nhanced orbital interaction). The five-membered oligomethylene bridge is depicted schematically in blue for M and in red for P.O nly the most important contributiont ot he distinct activations is illustrated. through,f or example, main-group heteroatoms ubstitution in [5]metacyclophane. As ap roof-of-concept, the dually activated (reduced activation strain plus stronger interaction) M (P') featuring CÀPb ond formation in a meta-bridged phosphabenzene has an aromatic Diels-Alder barrier of only 2kcal mol À1 ,w hich is almost3 5kcal mol À1 lower than that of benzene. In this way, we highlight the ability to tune aromatic Diels-Alder cycloadditions by means of multiple activation channels.W ee nvisage that this might also be utilized for the activation of small molecules.
